The green alga Chlorella pyrenoidosa was examined for its ability to metabolize 13-hydroperoxylinoleic and 13-hydroperoxylinolenic acids. The study showed that Chlorella extracts possessed hydroperoxide dehydrase and other enzymes of the jasmonic acid pathway. However, under normal laboratory conditions for culture growth, neither jasmonic acid nor metabolites of the jasmonic acid pathway were present in Chlorella. In vitro enzyme studies also revealed the presence of hydroperoxide lyase activity that cleaved 13-hydroperoxylinoleic or 13-hydroperoxylinolenic acid into two products, 13-oxo-cis-9,trans-11-tridecadienoic acid and pentane (from linoleic acid) or pentene (from linolenic acid). The lyase was heat-labile, insensitive to 50 millimolar KCN, and had an approximate molecular weight of 48,000 as estimated by gel filtration. Two other products, 13-hydroxy-cis-9,trans-11,cis-15-octadecatrienoic acid and 12,13-trans-epoxy-9-oxotrans-10,cis-15-octadecadienoic acid, were also observed. Because these compounds are also products of nonenzymic, Fe(ll)-catalyzed hydroperoxide decomposition reactions, their presence suggested that the observed lyase activity may occur via a homolytic decomposition mechanism.
Earlier studies have shown that the unicellular alga Chlorella pyrenoidosa is similar to higher plants with respect to the presence oflipoxygenase (EC 1. 13.11.12) (22) . Lipoxygenase from this organism catalyzes the incorporation of molecular oxygen into linoleic or linolenic acid, predominantly at carbon 13, to form fatty acid hydroperoxides. Although the physiological role of the enzyme in Chlorella is unknown, its presence in lower plant forms suggests that it is an integral part of a fundamental metabolic process.
Recently, the lipoxygenase reaction in higher plants has been recognized as the initial reaction of a pathway in which linolenic acid is converted to jasmonic acid ( Fig. 1) (8, 17) . Jasmonic acid is a 12-carbon cyclic fatty acid that many investigators consider to be a plant growth regulator (19) .
Because C. pyrenoidosa contains lipoxygenase, and because its predominant polyunsaturated fatty acid is linolenic acid, we wondered whether the jasmonic acid pathway was also operative in this organism.
This paper describes our investigations of fatty acid hydroperoxide metabolism in C. pyrenoidosa. The results demonstrated that enzymes of the jasmonic acid pathway were present in Chlorella. Also present was a hydroperoxide lyase enzyme that cleaved 1 3-hydroperoxylinolenic acid into pentene and 1 3-oxo-cis-9,trans-11 -tridecadienoic acid. Other metabolites of 13-hydroperoxylinolenic acid included 13-hydroxy-cis-9,trans-11 ,cis-1 5-octadecatrienoic acid and 12,13-trans-epoxy-9-oxo-trans-10,cis-1 5-octadecadienoic acid.
MATERIALS AND METHODS

Chemicals
Linoleic and (9,12,1 5)-linolenic acids were purchased from Nu Chek Prep, Inc.'; [1-`4C] linolenic acid (54.8 mCi/mmol) was obtained from Du Pont NEN Research Products. Soybean lipoxygenase (type I, 126,000 units/mg) was a product of Sigma Chemical Co., and iodomethane-d3 was purchased from Aldrich Chemical Co.
Thin Layer Chromatography
Reversed phase LKC,gF TLC plates were purchased from Whatman, Inc., and were developed in acetonitrile/water/ acetic acid (95:5:1, v/v/v). Normal phase TLC plates (Anasil HF) were obtained from The Foxboro Company and were developed in hexane/diethyl ether/acetic acid (60:40:1, v/v/ v). Acetic acid was omitted from both normal and reversed phase solvent systems when fatty acid metabolites were separated as their methyl esters.
Algal Growth Conditions
Chlorella pyrenoidosa (strain 211/8b) was obtained from American Type Culture Collection (No. 11469). The cells were grown in 1-L flasks containing 500 mL of a modified Arnon's medium (2) that included 50 mm glucose. The cultures were maintained at 30°C in a 16-h light (100 ,mol photons m-2 s-1, 400-700 nm), 8-h dark cycle with constant shaking (125 cycles/min). The cells were harvested in the mid to late log phase of growth, usually 4 d after inoculation.
Enzyme Extraction and Purification
In a typical experiment, two 500-mL cultures (4.5-5.5 mg fresh weight/mL) were centrifuged at 2000g and the growth medium was discarded. The cells were homogenized with 20 mL ofglass beads (0.28 mm) in 60 mL ofa medium consisting of 0.2 M sucrose, 10 mM NaCl, and 50 mm K-phosphate (pH For most procedures, a partially purified Chlorella enzyme preparation was used. In these studies the crude supernatant was partially purified on a DEAE Sepharose CL-6B column (2.5 x 15.5 cm) that was eluted isocratically with 50 mM Kphosphate (pH 7.0). This procedure typically resulted in about a threefold purification of hydroperoxide lyase and also removed the Chl. The colorless fractions with high hydroperoxide lyase activity (approximately 140 nmol min-' mg' were combined and used for further studies.
Enzyme mol wt was estimated by gel filtration of the partially purified enzyme preparation on a Sephadex G-200 column (2.6 x 29 cm). The column was eluted with 50 mm K-phosphate (pH 7.0) at a flow rate of 27.7 mL h-'; 2.4-mL fractions were collected. The mol wt standards were ,3-amylase (200,000), aldolase (158,000), soybean lipoxygenase (94,038), BSA (67,000), ovalbumin (43,000), chymotrypsinogen A (25,000), and ribonuclease A (13, 700 12-Oxo-PDA3 reductase was detected by the production of tOPC-8:0 from 12-oxo-tPDA (18) . The reaction mixture contained 50 mm K-phosphate (pH 7.2), 1 mM 12-oxo-tPDA, 1 mM NADPH, and enzyme in a final volume of 0.8 mL. The enzyme source was a partially purified Chlorella extract that had been concentrated threefold with a Spectra/Con sample concentrator. After 1 h the solution was adjusted to pH 4 with HCl and passed through a C-18 solid phase extraction column. The metabolites were eluted with diethyl ether and reacted with diazomethane. The products were separated by normal phase TLC, and the area corresponding to the RF of tOPC-8:0 was eluted and analyzed by GC-MS.
In Vivo Metabolism Studies
The metabolism of [18O]12-oxo-cPDA, prepared as described previously (16) , was studied by the addition of 1 mg of the compound dissolved in 0.5 mL of ethanol to 500 mL of a C. pyrenoidosa culture during the log phase of growth. After 12 h the cells were centrifuged at 2000g and the growth medium was filtered through a 0.45 grm filter. The medium was adjusted to pH 3, and the metabolites were extracted by passing the growth medium through a C-18 solid phase extraction column. The extraction column was eluted with diethyl ether, and the eluent was centrifuged briefly in a clinical centrifuge to allow the removal of small amounts of water. The metabolites in the diethyl ether phase were purified by reversed phase and normal phase TLC as described earlier ( 17) . After esterification with diazomethane, the methyl ester derivatives of the metabolites were characterized by GC-MS.
To extract metabolites from the Chlorella cells, the cells (approximately 2.5 g fresh weight) were first washed by resuspension in 20 mL of acetone in order to remove any metabolites that adhered to the cell surface, and then centrifuged. The acetone wash had no detectable effect on the integrity of the Chlorella cells, which are resistant to many solvents. We found methanol to be an effective solvent for the extraction of Chlorella lipids. Therefore, the washed cells were resuspended in 30 mL of methanol, homogenized for 30 s with a Brinkmann Polytron homogenizer, and then centrifuged at 12,000g. The supernatant was saved and the pellet was reextracted with 30 mL of methanol. The supernatants were combined and the methanol was evaporated under reduced pressure. The residue was redissolved in 5 mL of methanol and 25 mL of distilled water was added. A C-18 solid phase extraction column was used to remove most of the pigments, which passed through the column. The oxygenated fatty acid metabolites, which remained on the column, were eluted with diethyl ether and purified by reversed phase and normal phase TLC (17) . After esterification with diazomethane, the metabolites were characterized by GC-MS.
Volatile hydrocarbons produced by growing Chlorella cells were identified by gas chromatographic analysis of the cell culture headspace. One hundred mL of suspension culture was grown in a 250-mL flask and then sealed with a rubber septum during the log phase of growth. After 24 h, a I-mL sample of the headspace was analyzed by gas chromatography on an alumina column under the same conditions described above for in vitro enzyme assays of volatile hydrocarbon production.
Enzyme Assays
Lipoxygenase was assayed spectrophotometrically by the increase in absorption at 234 nm due to conjugated diene formation (15) . Hydroperoxide lyase was measured by the loss of absorption at 234 nm caused by loss of conjugated diene absorption. A typical reaction mixture contained 40 mm K-phosphate (pH 7.0), 30 gM 13-hydroperoxylinolenic acid, and 20 to 200 ,uL of enzyme extract in a total volume of 1 mL. Analysis of metabolites showed that the production of 12-oxo-PDA was very low, indicating that the loss of conjugated diene absorption due to hydroperoxide dehydrase was negligible.
Spectroscopy
UV spectra of samples dissolved in ethanol were obtained with a Bausch and Lomb Spectronic 2000 spectrophotometer. IR spectra were acquired with a KBr pellet of the compound and a Nicolet S-MX Fourier Transform spectrophotometer. NMR spectra were obtained with deuterochloroform solutions ofthe compounds and a Jeol FX90Q Fourier Transform NMR spectrometer. Mass spectrometry of the methyl ester derivatives of metabolites was accomplished with a HewlettPackard 5992 GC-MS equipped with a methyl silicone capillary column (25 m x 0.31 mm i.d.). The temperature was programmed from 120 to 270°C at 10°C/min. CI mass spectrometry was accomplished with a Varian 112S mass spectrometer by probe introduction of the purified sample and ionization with isobutane gas.
RESULTS
Detection of Jasmonic Acid Pathway Metabolites Variations Among Cultures
Hydroperoxide lyase activity varied among Chlorella cultures despite seemingly identical growth conditions. Some cultures lacked any detectable hydroperoxide lyase activity, especially those that originated from older agar cultures which had not been subcultured for an extended period. Such The results suggested that a small amount of hydroperoxide dehydrase in the crude homogenate led to the formation of 12-oxo-PDA from endogenous substrate during the homogenization process. The substrate for the dehydrase, 13-hydro-peroxylinolenic acid, was presumably also formed from lipoxygenase and free linolenic acid during homogenization. Indeed, lipoxygenase activity was high in all the Chlorella cultures tested, and transesterification studies on total Chlore/la lipids indicated that linolenic acid was the predominant polyunsaturated fatty acid (17% of total fatty acids). It is unlikely that 13-hydroperoxylinolenic acid and 12-oxo-PDA were present to any significant extent in the cells prior to homogenization because 12-oxo-PDA could not be detected in methanol extracts of whole Chlorella cells.
12-Oxo-PDA Reductase
Evidence for the presence of 12-oxo-PDA reductase in Chlorella came from both in vitro and in vivo metabolism studies. Figure 2A . No reaction occurred when a heat-treated Chlorella extract was used (Fig. 2B) . Although the radioactivity scan in Figure 2A indicated a single peak, visualization of the radioactive area with iodine showed two distinct bands. In turn, each of these bands was shown by gas chromatography to be composed of two products. The four metabolites of 13-hydroperoxylinolenic acid were labeled I, II, III, and IV and their structures are shown in Figure 3 . Metabolites I and II were components of the lower TLC band, and III and IV were components of the upper band. Metabolites III and IV could be separated by argentation TLC. Usually, metabolite III was the predominant product, but some Chlorella extracts were able to catalyze the formation of II and IV in amounts similar to III.
Identification of 13-Oxo-cis-9, trans-11 -tridecadienoic Acid (///) and 13-Oxo-trans-9,trans-1 1-tridecadienoic acid (I) UV (9) . The presence of cis,trans unsaturation indicated that the cis-9,trans-11 double bond geometry of the parent hydroperoxide was retained. Thus, compound III, derived from a hydroperoxide lyase reaction (Fig. 4) , was identified as 1 3-oxo-cis-9,trans-1 1-tridecadienoic acid.
Compound I was identified as 1 3-oxo-trans-9,trans-1 -tridecadienoic acid and typically constituted less than 15% of the total 13-oxo-9,1 1-tridecadienoic acid isomers. It had a mass spectrum identical to that of III, displayed a slightly longer retention time on GC than III, and showed a single absorption at 988 cm-' due to trans unsaturation.
Identification of Pentane or Pentene
Pentane or pentene was identified as the other product of the in vitro hydroperoxide lyase reaction in Chlorella, depending on whether 13-hydroperoxylinoleic or 13-hydroperoxylinolenic acid, respectively, was the substrate. Figure SB shows the gas chromatographic analysis of headspace volatiles from the reaction of the enzyme with 13-hydroperoxylinoleic acid substrate. Volatile production was reduced by 96% upon treatment of the enzyme at 100°C for 5 min. The remaining 4% volatile production could be accounted for by slow, nonenzymic degradation of the hydroperoxide. Comparison of the retention time of the product with that of alkane standards (Fig. 5A) on an activated Fl alumina column showed that it coincided with pentane. The retention time of the lyase product also corresponded with that of pentane on a 25-m methyl silicone capillary column.
With 13-hydroperoxylinolenic acid as the substrate, the amount of headspace volatiles was only about 10% of that observed with 13-hydroperoxylinoleic acid. Two volatile products were present, one of which had the same retention time as cis-2-pentene. The other product, which had approximately equal intensity, preceded the cis-2-pentene peak and was presumed to be trans-2-pentene. The reason for the smaller amount of pentene than pentane observed in the headspace is unclear, because both 13-hydroperoxylinolenic acid and 13-hydroperoxylinoleic acid were equally suitable substrates for hydroperoxide lyase in spectrophotometric assays.
Identification of 13-Hydroxy-cis-9,trans-1 1,cis-15-octadecatrienoic Acid (11) The UV spectrum of compound II showed a Amax at 237 nm. A Plant Physiol. Vol. 90, 1989 consistent with the methyl ester of a fatty acid containing three double bonds and a hydroxyl group at carbon 13. The GC retention time and the mass spectrum of II were identical with those of authentic methyl 13-hydroxy-cis-9,trans-1l,cis-15-octadecatrienoate, prepared by sodium borohydride reduction of methyl 13-hydroperoxy-cis-9,trans-1 l,cis-15-octadecatrienoate.
Identification of 12,13-trans-Epoxy-9-oxo-trans-10,cis-15-octadecadienoic acid (IV)
Compound IV had a Xmax at 234 nm which disappeared upon treatment with sodium borohydride, indicating that the chromophore was not due to a conjugated diene. An El mass spectrum of the underivatized compound showed no distinctive fragments that were useful in identifying the metabolite.
A CI mass spectrum showed a clear [M+ l1it ion at m/z 323, indicating that two oxygen atoms were present in the molecule. Experiments in which ['80]13-hydroperoxylinolenic acid was the substrate showed that only one of the hydroperoxy oxygen atoms was retained in the product. IR spectroscopy revealed absorptions at 1740 cm-' (ester carbonyl), 1700 and 1679 cm-' (a,f3-unsaturated ketone), 1635 cm-' (double bond a,f3 to a carbonyl), 980 cm-' (trans unsaturation), and 885 cm-' (trans epoxide) (14) . NMR shifts were virtually identical to those reported by Gardner et al. (4) for a mixture of 9,10-trans-epoxy-13-oxo-trans-11-and 12,13-trans-epoxy-9-oxo-trans-10-octadecenoic acids: 62.28 (t, methylene a to ester carbonyl), 62.93 (m, 1 H, epoxide proton a to methylene), 63.23 (dd, 1 H, epoxide proton a to a double bond), 66.45 (dd, 1 H, olefinic proton a to epoxide), 66.40 (s, 1 H, olefinic proton a to carbonyl), 62.51 (t, methylene a to conjugated carbonyl), multiplet centered on 65.44 (2 H, olefinic protons), 62.03 (m, methylene a to methyl and a to unsaturation).
Although the relative positions of the epoxy group, the oxo group, and the trans double bond could be determined from UV, IR, and NMR data, the absolute position of each oxygen atom was more difficult to ascertain. Our approach was to establish the location of the oxo group, from which the position of the epoxy group could then be deduced. The oxo group was first reduced to a hydroxyl group by addition of aqueous sodium borohydride to a methanolic solution of the compound until 90% reduction had occurred, as judged by the loss of absorbance at 234 nm. Reduction was followed by conversion of the hydroxyl to the trideuteromethoxy derivative. The methylation reaction with CD3I and sodium hydride also caused the transesterification of the methyl ester to the trideuteromethyl ester. The deuteromethoxy derivative was used in order to avoid confusion over possible rearrangements that might occur during the subsequent hydrogenation step which took place in methanol. Hydrogenation, catalyzed by platinum oxide, resulted in complete hydrogenolysis of the aunsaturated epoxy group, and partial hydrogenolysis of the trideuteromethoxy group. Of the two major products, trideuteromethyl stearate and trideuteromethyl trideuteromethoxystearate, the latter was used to determine the position of the trideuteromethoxy group, and hence the position of was slightly more active with linolenic than linoleic acid substrate, and that it was regioselective for oxygen incorporation at carbon 13. No further metabolism of the hydroperoxide product was reported in the earlier paper. In view of recent progress in elucidating pathways of fatty acid hydroperoxide metabolism in higher plants, we decided to reinvestigate Chlorella to determine whether lower plant species metabolize hydroperoxides by pathways similar to those in higher plants.
Our results showed that C. pyrenoidosa cells have evolved at least two pathways for the metabolism of fatty acid hydroperoxides. One pathway is initiated by hydroperoxide dehydrase, the other by hydroperoxide lyase. The hydroperoxide dehydrase pathway utilizes the 1 3-hydroperoxylinolenic acid to ultimately form jasmonic acid, a compound that many investigators believe is a new class of plant hormones ( 19) . In the second pathway, hydroperoxide lyase cleaves the 13-hydroperoxide of either linoleic or linolenic acid to form pentane or pentene, respectively, and 13-oxo-cis-9,trans-11-tridecadienoic acid.
The physiological role of the jasmonic acid pathway in Chlorella is not known. The extent to which the pathway functions in normal, healthy Chlorella cells is also not clear. With the exception of allene oxide cyclase ( Fig. 1) (8) , which was not investigated, we were able to demonstrate the presence of all the enzymes of the jasmonic acid pathway. However, we were unable to detect any of the expected metabolites, except under unusual conditions. One metabolite, 12-oxo-PDA, could only be detected after homogenization ofthe cells in an extraction buffer. Other metabolites were detected only if precursors such as 12-oxo-PDA were added to the growth medium. Even then, the metabolites were not retained by the cell, but were exuded into the extracellular growth medium. Organisms other than higher plants and algae are also known to possess the jasmonic acid pathway. The fungus Lasiodiplodia theobromae produces jasmonic acid, and it was from this organism that the plant growth inhibitory properties of jasmonic acid were first noted (1) .
The physiological role of the hydroperoxide lyase pathway in Chlorella is also not known. The products ofhydroperoxide lyase in Chlorella differed from those reported for most lyase enzymes of higher plants (19) . Higher plant lyases cleave 13-hydroperoxylinoleic acid into 6-and 12-carbon fragments (hexanal and 12-oxo-dodecenoic acid) whereas the Chlorella enzyme produces 5-and 13-carbon fragments. The larger fragment, 13-oxo-tridecadienoic acid, possesses an a,f,,y,bunsaturated aldehyde group that would likely have high toxicity due to its reactivity with sulfhydryl and amino groups (13) . It is possible that this compound might serve as an offensive agent (allelopath) to suppress natural competitors or as a defensive agent (phytoalexin) in response to attack by a pathogen.
The formation of pentane and dienal acid from 1 3-hydroperoxylinoleic acid is known to be catalyzed by some lipoxygenase enzymes under anaerobic conditions (12) . Glasgow et al. (7) have reported the synthesis of a C-12 trienal acid from 1 2-hydroperoxyeicosatetraenoic acid in an anaerobic reaction catalyzed by lipoxygenase from porcine leukocytes. Pentane (or pentene) and dienal acid production in Chlorella is clearly a different situation. The formation of 5-carbon hydrocarbons by Chlorella occurs under aerobic conditions, and the lipoxygenase and lyase activities are easily separated (Fig. 6) . Lam et al. (10) have demonstrated that a similar reaction occurs in rabbit leukocytes. Cleavage of 1 5-hydroperoxyeicosatetraenoic acid under normal atmosphere leads to the production of a C-15 trienal acid.
The natural substrate for hydroperoxide lyase in Chlorella is probably 13-hydroperoxylinolenic acid, rather than 13-hydroperoxylinoleic acid. In our earlier report (22) we observed that linolenic acid was a more active substrate for Chlorella lipoxygenase than was linoleic acid. Furthermore, fatty acid composition studies on lipid extracts of our Chlorella cultures showed that the linolenic acid composition was 17%, compared with only 7% for linoleic acid.
Both II and IV are homologs of compounds known to be nonenzymatic products of 1 3-hydroperoxylinoleic acid. They result from homolytic decomposition reactions catalyzed by Fe(II) (4) . In our experiments with Chlorella, both metabolites were formed in the presence of enzyme extract, but were not produced when the extract was heat-treated for 5 min at 100°C. This suggested that an active enzyme was necessary for their formation from the hydroperoxide. It is possible that the Chlorella enzyme, which we have described here as a hydroperoxide lyase, acts through a similar homolytic mechanism by promoting the production of an alkoxy radical from the fatty acid hydroperoxide. In turn, the proposed alkoxy radical intermediate could cleave to produce a hydrocarbon and 1 3-oxo-tridecadienoic acid, or rearrange nonenzymically to form products II and IV as it does in Fe(II)-catalyzed decomposition reactions.
Chlorella is distantly removed from higher plants on an evolutionary scale (11) . The presence of the jasmonic acid pathway and a hydroperoxide lyase pathway in Chlorella indicates that these routes of fatty acid hydroperoxide metabolism are well-conserved. Further studies are needed to identify the mechanism by which each pathway is activated.
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